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SOME OBSERVATIONS OF WAKE BEHAVIOUR IN 
LAMINAR AND TURBULENT FREE STREAM FLOW
L. E. Seeley*, R. L. Hummel and J. W. Smith 
Department of Chemical Engineering 
University of Toronto 
Toronto, Canada M5S 1A4
ABSTRACT
Visual observations of the sphere wake have been 
obtained using the flash photolysis technique. Free 
stream turbulence of 7 and 10% was found to progress­
ively reduce the size of the wake but no turbulence 
was found in the attached shear layer nor was the posi­
tion of the separation point affected. A separation 
bubble was identified as predicted by Son and Hanratty 
(1969). Evidence is presented to show that drag reduc­
tion in turbulent free streams is not due to turbulence 
in the attached boundary layer but to enhanced momentum 
transfer in the wake.
INTRODUCTION
Recently, Seeley et al. (1975) presented the re­
sults of an experimental study to measure velocity pro­
files in laminar flow around spheres at Re from 300 to 
3000. The radial and tangential velocity fields were 
calculated from time-lines obtained using the photo- 
chromic tracer technique described by Smith and Hummel 
(1973). Films were made of the boundary layer and wake 
under the influence of grid-generated turbulence at in­
tensities of 7% and 10% and Re of 700 and 3200. These 
films have not been analyzed numerically, but the quali­
tative results are of considerable interest. The prob­
lems of interest in this paper are:
(1) The effect of free stream turbulence on the 
separation point.
(2) The propagation of turbulence from the free 
stream into the boundary layer.
(3) The effect of free stream turbulence on wake 
behaviour.
(4) Confirmation of the existence of a separation 
bubble, as predicted by LeClair (1970) and Son and 
Hanratty (1969).
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Free Stream Turbulence, the Critical Reynolds Number 
and the Separation Point
Cl amen and Gauvin (1969) and Torobin and Gauvin 
(1961a, 1961b) observed that drag was reduced by free 
stream turbulence and deduced that the critical Re 
decreased from 300,000 to approximately 1000 when the 
intensity of turbulence in the free stream was in­
creased from a very low value to about 30%. The criti­
cal drag coefficient is usually termed the point where 
the laminar boundary layer becomes turbulent, causing 
the separation point to move to the rear and giving a 
narrower wake with lower drag. It is known that turbu­
lence induced in the attached boundary layer by a ring 
causes the above phenomena to occur at lower Re. 
Achenbach (1972) showed experimentally that the separ­
ation point moved from 83° to 120° at the critical Re 
of 390,000. However, there is no a priori reason to 
believe that free stream turbulence has affected the 
separation point or induced turbulence in the attached 
boundary layer at low Re.
Free Stream Turbulence and the Attached Boundary Layer
Achenbach (1972) found that the position of bound­
ary layer transition from laminar to turbulent flow 
moved gradually from 97° at Re = 300,000 to 60° at Re = 
5,000,000. This suggests that turbulence is propagated 
in the wake and transmitted backward into the boundary 
layer and that the attached boundary layer is stable 
very far back until quite high Re. Once again, there 
is no prime facie case for attributing drag reduction 
in free stream turbulence to the propagation of turbu­
lence in the attached boundary layer. It can be postu­
lated, however, that free stream turbulence will cause 
fluctuations in velocity at the sphere surface, as found 
by Popovich and Hummel (1967a, 1967b, 1969) in pipes. 
Such fluctuations will give the impression of turbulence 
to most sensing and visualization techniques.
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Free Stream Turbulence and Wake Behaviour
Roshko (1954, 1967) has suggested for flow over 
a cylinder that transition to turbulence must occur 
in the free shear layers downstream from the separa­
tion point before vortices fully form and break away 
and If transition has not occurred then the vortices 
will not break away. The location of vortex breakaway 
is the reattachment region where the shear layers re­
join. Roshko postulates that any oscillations developed 
1n the free shear layer may be continuously amplified 
to develop large Reynolds stresses which are the domin­
ant stresses 1n the reattachment process. The magni­
tude of the Reynolds stresses will control the distance 
to rejoining. The Interaction of these stresses with 
the flow field, with the wake and with the separated 
boundary layer at reattachment will develop instabili­
ties. The developed instabilities can further feed 
and magnify the instability in the free shear layer.
As the Reynolds number Is further increased, the 
transition in the free shear layer moves upstream to­
wards the separation point. Both Roshko (1961) and 
Clamen and Gauvin (1968b) have questioned the role of 
the turbulent boundary layer in reducing drag at the 
upper critical Reynolds number. Roshko suggested that 
the reduced drag was a result of narrowing the wake 
but the mechanism was caused by laminar boundary layer 
separation followed by rapid transition of the free 
shear layer to a turbulent free shear layer and re­
attachment of this turbulent shear layer to form a sep­
aration bubble, turbulent boundary layer and finally 
turbulent separation. He suggested that the turbulence 
develops 1n the attached boundary layer at much higher 
Reynolds numbers as noted by Achenbach (1972). The 
existence of a separation bubble has also been postu­
lated by Son and Hanratty (1969) and Leclair (1970).
EXPERIMENTAL
The experimental equipment has been described by 
Seeley et al. (1975) and 1n detail by Seeley (1972). 
Briefly, it consisted of a metered flow circuit in 
which the test fluid was circulated past the test 
sphere. Blue dye traces, normal to the sphere, and 
at different angles from the front stagnation point, 
were initiated by passing a focused beam of UV light 
from a giant pulse ruby laser with frequency doubler 
through the holder of a hollow pyrex sphere as shown 
in Figure 1. Spheres of 6.0 and 3.5 cm were used in 
the 30.5 cm diameter test section.
Different intensity levels were generated by plac­
ing a two-dimensional, square, 5 mesh grid of 1/8"
round bars at different positions upstream of the 
sphere. In the absence of the grid, the velocity field 
1n the test section was flat with an intensity <0.5%. 
Measurements have shown that turbulence downstream of 
a square-mesh grid becomes practically isotropic when 
the ratio of downstream distance to grid size X/M >
10 to 15. According to Batchelor and Townsend's (1947) 
analysis the grid chosen should produce an intensity 
of 14.3% at X/M = 30 and of 9% at X/M = 60. However, 
Baines and Peterson (1951) obtained 7.1% at X/M = 30 
and 4.3% at X/M = 60.
In this study, the nature of the turbulence gen­
erated was studied using an optical probe in place of 
the sphere assembly. Grid Re of 244, 168 and 97.5 at 
X/M of 30 and 60 were used. Typical traces at X/M =
28.7 and X/M = 58.8 are shown in Figure 2. The results 
of the intensity measurements are sunriarized in Table 1.
It seems reasonable to assume that the intensity 
is approximately 10% at X-j/M -v 30 and 7% at X-j/M ^ 60 
with essentially no Reynolds number dependence.
The isotropy of the turbulence was tested in Run 
#1. The ratio of the longitudinal to lateral inten­
sities, u'/v', was equal to 1.05, indicating that the 
flow was not completely isotropic.
Table 1







1 244 30.6 9.66 10.1
2 244 60.5 8.60 7.0
3 168 32.4 7.42 10.0
4 168 61.9 6.40 7.1
5 97.5 33.5 4.25 9.8
6 97.5 62.5 3.75 6.9
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To + 0.1219 sec. To + 0.245 sec.
A sequence of dye traces illustrating turbulence downstream from a grid.
ReM = X-j/M * 30,









Intensity & Actual Re
0.5% 7% 10%
3000 6.008 X X (2840) x (3190)
1300 6.008 X x (1300) X (1412)
750 6.008 X
1300 3.495 X x (1255) X (1420)
750 3.495 x ( 692) X ( 740)
290 3.495 X
RESULTS
The experimental conditions studied are summar­
ized in Table 2.
Separation Bubble in Non Turbulent Flow
Evidence of a separation bubble is suggested by 
a characteristic inflection in the radial velocity 
profiles. Leclair (1970) and Son and Hanratty (1969) 
have also presented results suggesting a separation 
bubble. A region of very low flow is clearly visible 
in the films. It was not possible to determine the 
circulation rate or flow pattern within the region, 
and since the turbulent traces were not analyzed, 
evidence cannot be presented for those cases.
Effect of Turbulence on the Attached Boundary Layer
Turbulent flow around the front of a sphere re­
sulted in a fluctuating non-axisymmetric flow because 
of the velocity fluctuations in the free stream; as 
illustrated 1n Figures 3 and 4, for a Re 1 3190 and I 
= 10.0%.
Free stream turbulence dramatically affected the 
flow at the front stagnation point as illustrated in 
Figure 3a. The free stream is highly decelerated in 
the front stagnation region since this fluid usually 
becomes the boundary layer. The intense fluctuations 
of the free stream are superimposed on this decelerated 
flow and the result is that the relative intensity of 
turbulence at the front stagnation point increased 
tremendously with velocities changing considerably in 
direction and magnitude. Chang (1970) reports that in 
1928, Piercy and Richardson (1928) measured large
velocity fluctuations close to the front stagnation 
point for flow around a cylinder and these disturb­
ances were probably a result of free stream turbulence.
Since the flow from the front stagnation region 
was not uniform, the boundary layer formation was not 
symmetrical. However, as the fluid accelerated around 
the sphere, a viscous boundary layer was formed with 
velocity fluctuations being damped. In this study, a 
turbulent eddy was never observed in the boundary layer. 
Piercy and Richardson (1928) are also reported to have 
found that velocity fluctuations were damped out. The 
fluid accelerated around the sphere and reached veloci­
ties greater than those in the free stream and this 
accleratlon caused fluctuations superimposed on the 
flow to become relatively intense. Further, the high 
shear in the boundary layer as a result of friction 
likewise damped out disturbances and resulted in a 
laminar type velocity profile. Velocity fluctuations 
in the free stream up to the edge of the boundary layer 
caused the flow at the edge of the boundary layer to 
change in magnitude and direction. These disturbances 
correspondingly caused the laminar boundary layer veloc­
ity profile to fluctuate in direction and magnitude.
The magnitude of these disturbances became less near 
the sphere surface and as the fluid accelerated around 
the sphere. Waves occasionally appeared 1n the bound­
ary layer downstream from 60°. As the equator of the 
sphere was approached these waves increased in ampli­
tude and frequency of occurrence. Usually a wave which 
formed at 60° damped out at the location of formation 
but was convected downstream. As the separation point 
was reached the boundary layer became thicker and the
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a)
To sec. To + 0. 1122 sec. To + 0.237 sec.
To + 0.0498 sec. To + 0.0997 sec.
A sequence of dye traces at Re=3190 for a 6.008 cm. sphere
b) 0~15° , Le = 1.76 cm.
To + 0.374 sec.
To + 0 . 1494  s e c .
a ) O 0° , Le-'l . 76 cm .
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To sec . To + 0.0624 sec. To + 0.0873 sec.
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waves in the boundary layer were quite pronounced but 
of indefinite frequency and amplitude. The cause of 
these waves could not be visually determined but the 
source of Instability at 60°, for example, would prob­
ably be either the result of free stream interaction 
on the boundary layer 1n this region or the propagation 
of a wave disturbance upstream in the boundary layer 
from the very disturbed separation region. In the 
separation region the boundary layer thickened with 
low velocity fluid, and a disturbance wave of decreas­
ing amplitude could be propagated upstream. The dis­
tance a disturbance could be propagated upstream de­
pends on the velocity profile in the boundary layer, 
the boundary layer thickness, the Reynolds number and 
the amplitude of the disturbance. From stability 
analysis, Schlichting (1960) reports that boundary 
layer velocity profiles are relatively stable to in­
stabilities in regions of negative pressure gradients 
but in regions of adverse pressure gradients, the veloc­
ity profile develops a point of inflection and this 
type of profile is very unstable to disturbances.
Lower turbulence levels resulted in the same 
phenomena, which were, however, less intense. Similar­
ly, as the Reynolds number was decreased, the effect 
of turbulence became less because the viscous layer 
damped the fluctuations more efficiently and the rate 
of growth of instabilities was lower. Generally, the 
flow phenomena followed a gradual transition from the 
laminar free stream case to the most intense turbulent 
free stream case with no abrupt changes as might be 
expected from the dramatic change 1n turbulent drag 
coefficients, as determined by Clamen and Gauvin (1969).
Flow Observations in the Wake
The effect of turbulence on the wake 1s illus­
trated 1n Figures 5 to 7, but is seen much more clearly 
in the film. The forced interaction between turbulent 
eddies and the free shear layer markedly increase the 
rate of vortlclty transfer from the free shear layer 
to the wake.
(1) The Separation Point. In all the experiments 
for a particular Reynolds number, the attached shear 
layer separated from the sphere at approximately the 
same angle. Free stream turbulence of Intensity ^ 10.0% 
at Re = 3190, which probably corresponds to the region 
of the minimum drag coefficient as measured by Clamen 
and Gauvin (1969), did not change the position of the 
separation point. Therefore, the classical mechanism 
of the separation point moving to the rear of the sphere 
may not be the only cause of the drop in the drag
coefficient. At Re = 3190 and I = 10.0%, the separa­
tion point was not a constant value, but varied approx­
imately + 2° about the separation point. As the inten­
sity of turbulence decreased or as the Reynolds number 
decreased, the magnitude and frequency of fluctuation 
in the position of the separation point decreased. 
Generally, the velocity of backflow in the separation 
region was very low, with frequent pulsations
superimposed on the flow, as shown in Figure 5. The 
velocity of the backflow and pulsation frequency and 
magnitude decreased with decreasing Reynolds number 
and turbulence intensity.
(2) Vorticity Transfer in the Wake. At the sep­
aration point for Re = 3190 and I = 10.0%, the separ­
ated boundary layer developed waves of varying frequency 
and amplitude as shown by Figures 3 to 5. These waves 
appeared to extend to some extent upstream into the 
attached boundary layer. The amplitude of the waves 
in the attached boundary layer decreased in moving up­
stream until generally they could not be detected at 
an angle of 75 to 90°. The waves in the separated 
boundary layer magnified quickly near the separation 
point producing large amplitude, high frequency waves. 
Then, these waves quickly formed rotating eddies which 
also quickly enlarged as they moved downstream, Figures 
3 to 5 .
The rotational direction of these eddies was always 
the same. As these eddies grew and moved downstream, 
the direction of rotation of the eddies appeared to 
cause them to penetrate quickly into the wake. This 
fluid penetration effectively decreased the width of 
the wake and greatly decreased the length of the wake. 
With these large eddies moving into the closure zone 
of the wake, violent interactions resulted in the re­
attachment of the separated fluid. These interactions 
caused high intensity and small scale flow fluctuations 
to be superimposed on the general wake circulation. 
Generally the intensity of the flow fluctuations and 
the rate of wake circulation was much higher than in 
the laminar free stream case at the same Reynolds num­
ber. The intense fluctuations were convected right to 
the back surface of the, sphere, resulting in three- 
dimensional velocity fluctuations superimposed on the 
general wake flow.
For Re = 3190 and I ^ 10.0%, the wake fluid veloc­
ity in the region of the separation point close to the 
sphere was generally of very low magnitude and in a 
direction back towards the separation point as illus­
trated in Figure 5. At 120° the fluid close to the
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b) To + 0.399 sec.
FIGURE 5 ;
To ♦ 0.511 sec. To + 0.535 sec. To +0.660 sec.
A sequence of dye traces at a Re = 3190 for a 6.008 cm. sphere at 0=100°,
Le =1.76 cm.
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To + 0.635 sec. To + 1.2/u To + 1 .682 sec
FIGURE 6 A sequence of dye traces 
Le = 1.76 cm. b) 0=150°,
at
Le
Re = 3 1 90 for a 6.008 cm. 
-6 .68 c m .
s p h e r e  . a ) 0 = 1 3 5 ° ,
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sphere moved back towards the separation point. How­
ever, at 135° and 150°, the fluid close to the sphere 
was of very low velocity with no preferred direction 
and seemed to rotate in a three-dimensional vortex 
close to the sphere, Figure 6. The fluid in this re­
gion was almost stagnant. As the rear stagnation 
point was approached, the fluid velocity close to the 
sphere increased considerably in magnitude, Figure 7.
At 165°, the flow was more unidirectional with of 
course fluctuations superimposed on it. The vorticity 
of the sphere would have a much larger magnitude here 
than at 150°. At 180°, the flow was again of very 
high velocity back towards the rear stagnation point 
but superimposed fluctuations caused non-symmetry in 
the flow. This flow pattern at the rear of the sphere 
is probably a result of the high rate of wake circula­
tion caused by the high Reynolds stresses in the free 
shear layer resulting in a high rate of wake entrain­
ment. This high circulation rate results in high im­
pingement velocities at the rear stagnation point.
The high velocity flow then separates from the sphere 
at 'V' 160° and produces the stagnant rear separation 
region at 135° to 150°.
(3) Boundary Layer - Wake Interaction. As the 
turbulent fluid flows around the sphere, a viscous 
boundary layer forms with velocity gradients fluctuating 
due to the free stream turbulence. As the fluid flows 
around the sphere the shear rate at the surface of the 
sphere and in the boundary layer increases and thus 
better resists instabilities. The shear rate reaches 
a maximum at about 45° to 60° and then decreases to 
zero at the separation point. The velocity profile 
in the laminar boundary layer develops a point of in­
flection and thus becomes less stable as discussed 
previously (Seeley et al. (1975)). The boundary 
layer rapidly thickens as the separation point is ap­
proached and produces a region of very low velocity.
The pressure reaches a minimum 1n the region of the 
separation point, thus producing pressure gradients in 
the flow field directed towards the separation point. 
Therefore up to ^ 60° the boundary layer can resist 
and damp out disturbances because of the high fluid 
inertia and shear rate. But as the separation point 
is approached, the resistance of the region to pertur­
bations becomes very low. Pressure pulsations and 
velocity fluctuations will be directed towards the 
separation region from both the wake and free stream.
The pressure pulsations will be relaxed as waves in 
the shear layer. Depending on the magnitude of the 
pulsation, wave peaks and valleys will be pushed into
regions of higher and lower momentum thus resulting in 
amplification and eddy formation. Some of the waves 
produced in the free shear layer will also be convected 
upstream in the low velocity attached boundary layer.
Since the fluid flow in the region of the separa­
tion point is of low velocity with large amplifying 
disturbances superimposed on it, the relative level of 
turbulence intensity will be very large. The very 
large waves and eddies developing in the free shear 
flow, will cause greatly increased momentum transfer 
to the wake. This in turn causes greatly increased 
entrainment of the wake into the shear layer which be­
comes mixed with the separated boundary layer fluid 
because of the eddy formation. However, since the 
wake is a confined region, by continuity a high rate 
of wake entrainment must correspond to a high rate of 
detrainment in the closure zone of the wake. Thus, 
the eddies in the free shear layer are quickly accel­
erated into the wake region. The overall effect is to 
considerably shorten and narrow the wake, producing a 
wake with a very high rate of circulation. Therefore, 
the pressure recovery occurs over a shorter distance 
anc the increased circulation rate results in higher 
impingement velocities at the rear stagnation point 
region and thus higher pressures on the rear surface 
of the sphere. These higher base pressures result in 
lower form drag and thus the drag coefficient will de­
crease as was found by Clamen and Gauvin (1969).
Further, the detrainment of fluid in the closure 
zone of the wake and the reattachment of the separated 
boundary layer will be a highly chaotic free interac­
tion. Some of the intense velocity fluctuations pro­
duced in the closure zone will be convected back to­
wards the back of the sphere and ultimately result 1n 
further instabilities in the separated shear layer to 
complete the Interaction cycle.
The mechanism for the decrease in the drag coef­
ficient in turbulent fields is an extension of that 
presented by Roshko. Experiments at Reynolds number 
and level of turbulence corresponding to the minimum 
drag coefficients measured by Clamen and Gauvin, re­
vealed that the boundary layer did not become turbulent 
nor did the separation point move downstream, as obser­
ved at Re = 300,000.
The classical mechanism is based on observations 
of turbulence induced by roughnesses on the surface of 
the surface of the sphere. Such disturbances are sus­
tained by the change 1n geometry but preservation of 
turbulence in a boundary layer adjacent to a smooth 
surface is unlikely under conditions of high shear.
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To + 0.565 s e c . To + 1.272 sec .
FIGURE 7 A sequence of dye traces at a Re = 319 0 for a 6.008 cm. sphere, a) 0=165°,
Le =1.76 cm. b) t>=180°, Le = 1.76 cm.
The present results have shown with certainty that the 
classical model need not account for turbulent drag 
reduction under some conditions. The results of 
Achenbach (1972) suggest that fluctuations in the wake 
are transmitted back into the attached shear layer at 
the critical Reynolds number, and then only at angles 
greater than or equal to 97° is the boundary layer tur­
bulent. Turbulence is propagated to the front only 
gradually with increasing Reynolds number. Fage's 
(1936) results actually suggest that turbulence re­
treats to the rear as Re is increased from 250,000 
to 405,000. All these observations tend to contradict 
the contention that the attached shear layer becomes 
turbulent at the critical Re and as a result the wake 
shrinks, etc. As suggested by Roshko, the critical 
events seem to take place in the shear layer of the 
wake and the effects are propagated back to the at­
tached shear layer.
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DISCUSSION
Thomas C. Corke, I IT: Did you change scales? Did you 
try to take out the scaling effect?
Smith: Only one grid was used, and intensity changed 
by moving the grid relative to the sphere. Scales, 
therefore, were not changed independently. The intensi­
ties, length and time scales are summarized below:
Run # Remm x2/m X 1/4 T$ 1/2 T$ I,*
1 244 30.6 0.44 0.050 10.1
2 244 60.5 0.72 0.10 7.0
3 168 32.4 0.53 0.127 10.0
4 168 61.9 0.85 0.25 7.1
5 97.5 33.5 0.71 0.28 9.8
6 97.5 62.5 1.13 0.51 6.9
where X is the microscale of the turbulence, cm, and T
is the appropriate measurement time scale, seconds, and 
I is the intensity of turbulence.
Corke: Since turbulence scale size has been indicated 
to be important in the analysis of drag reduction on 
bluff bodies in a turbulent media, I would like to know 
if these scales were taken into account since they were 
changing with various mesh sizes?
Smith: No, we did not take the scales into account.
M. Wolfshtein, Israel Inst. Tech.: There is evidence in 
the literature that the scale of turbulence influences 
a stagnation flow boundary layer very significantly. I 
suspect that there are such free stream turbulence ener­
gy spectral distributions which will show that turbulence 
starts from the front stagnation flow, and not from the 
separated flow in the back.
Smith: In our experiments there was no evidence of 
turbulence generation anywhere but in the wake.
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